During the HIV-1 replicative cycle, the gp160 envelope is processed in the secretory pathway to mature into the gp41 and gp120 subunits. Misfolded proteins located within the endoplasmic reticulum (ER) are proteasomally degraded through the ER-associated degradation (ERAD) pathway, a quality control system operating in this compartment. Here, we exploited the ERAD pathway to induce the degradation of gp160 during viral production, thus leading to the release of gp120-depleted viral particles.
T
he precursor of the viral envelope, gp160, undergoes extensive posttranslational modification in the endoplasmic reticulum (ER) and is subsequently cleaved into two subunits, gp120 and gp41, within the Golgi apparatus. The processed Env subunits then reach the plasma membrane, where they are incorporated into the budding viral particles (1) .
Here, we present a novel strategy to reduce HIV-1 infectivity through the depletion of gp120 from viral particles. This approach is based on gp160 degradation during viral production obtained by using the targeted ER-associated degradation (TED) approach. This recently developed technique exploits the ER-associated degradation pathway (ERAD) machinery to promote specific downregulation of target proteins trafficking through the secretory pathway (2) . TED uses chimeric molecules termed "degradins" that are characterized by two functional moieties: a target recognition moiety and a degradation-inducing moiety composed of the C-terminal fragment (amino acids [aa] 402 to 773) of the cellular ER-resident protein SEL1L. This protein is involved in the ERAD pathway by selecting misfolded proteins for retrotranslocation from the ER lumen to the cytosol for proteasomal degradation (3). SEL1L chimeras designed against selected targets have been demonstrated to specifically force the interaction of the target protein with the retrotranslocation machinery, leading to the export of the protein from the ER and its subsequent degradation in the cytosol (2) .
To obtain gp160-specific degradins, we prepared SEL1L chimeras containing different target recognition moieties directed against various epitopes of HIV-1 gp160. We used three singlechain antibody fragments (scFv) derived from monoclonal antibodies (MAbs): Chessie1339, obtained from the anti-gp160 hybridoma Chessie 13-39.1 (4) , to produce the 1339-SEL1L degradin; and VRC01 and VRC03, derived from two broad neutralizing MAbs directed toward the CD4 binding site of gp120 (5) , to produce the VRC01-SEL1L and VRC03-SEL1L degradins, respectively. A general scheme of degradin design is reported in Fig. 1A .
We next tested the efficacy of the anti-gp160 degradins in 293T cells coexpressing the SEL-1L chimeras with a codon-optimized gp160. In these experiments, gp160 is expressed from a construct containing the codon-optimized sequence for gp120 (isolate JRFL, clade B) from the pSyngp120 plasmid (6) in frame with the optimized sequence for gp41 derived by gene synthesis from the same isolate. In addition, the N terminus of gp160 was modified by substituting the signal peptide for ER import and by adding the 10-amino-acid-long roTag for protein immunodetection (7) . The gp160/degradin coexpression experiments showed that all degradins blocked the maturation of gp160, as indicated by the lack of formation of the band corresponding to the cleaved gp120 subunit (Fig. 1B to D, left) . As a control, SEL-1L chimeras were produced by fusing the same gp160 target recognition moieties to the short ER-retaining C-terminal amino acid sequence KDEL, thus inducing gp160 retention in the ER but not its active degradation. Similarly to the gp160-specific degradins, the KDEL control chimeras showed no formation of matured gp120, as expected ( Fig. 1B to D,  right) . Notably, all the tested anti-gp160 degradins significantly reduced the intracellular levels of gp160 (between 80% and 90% of the control, as measured by densitometry), while the corresponding control KDEL chimeras showed no intracellular gp160 reduction (compare Fig. 1B to D, top). These results suggest that the degradins induce gp160 envelope glycoprotein retention in the ER and its subsequent degradation through the ERAD pathway, as shown in previous work on different protein targets (2) .
The specificity of gp160 degradation mediated by the degradins was validated by using at least three unrelated proteins trafficking through the ER: (i) the major histocompatibility complex (MHC) class I alpha chain (MHC-I), (ii) the nonsecreted antibody light-chain NS1 (8) , and (iii) a membrane-bound form of the alpha chain of the human high-affinity IgE receptor (md␣) (2) . As shown in Fig. 2A to E, anti-gp160 degradins did not modulate the level of expression of any of these unrelated substrates following their coexpression in 293T cells. To further test TED specificity, an off-target degradin containing an irrelevant scFv target recogni-tion moiety (1C10-SEL1L [9] ) was coexpressed with gp160 in 293T cells, showing no detectable variation of the intracellular levels of both gp160 and its maturation product, gp120 (Fig. 2F) .
The amount of Env incorporated in neo-synthetized virions was then measured through Western blot analysis of concentrated viral particles produced in 293T cells expressing Env-targeting degradins. As shown in Fig. 3A , virions purified from these cells showed undetectable levels of gp120 compared to those of virions produced in the presence of the control degradin (1C10-SEL1L). In addition, unmodified levels of CA/p24 indicated no major alteration of viral protein content.
To functionally test the activity of the anti-gp160 degradins on HIV-1 infectivity, the luciferase reporter clone NL4-3.Luc.R
Ϫ .E Ϫ (EnvϪ‫گ‬VprϪ‫گ‬NefϪ) (10) and the JRFL codon-optimized Env expression plasmids were used to produce viral particles in the presence of all the above-described degradins and then tested for infectivity. HeLa cells stably expressing CD4/CCR5 (11) were infected with supernatants containing equal amounts of viral particles as measured by retrotranscriptase units (12) (corresponding to 30 ng of p24) and tested for luciferase activity after 48 h. All the gp160-specific degradins showed a strong reduction in viral infectivity (between 80% and nearly 100% inhibition), while no significant modulation was observed with the irrelevant degradin 1C10-SEL1L (Fig. 3B) . To further assess the ability of TED to block viral infectivity, we tested its efficacy against a panel of Env, including four from clade B and two from clade C HIV-1 isolates. Similarly to JRFL, gp160-specific degradins induced a strong reduction of infectivity of the differentially pseudotyped viruses, producing a variable efficacy ranging from 40% up to an almost complete viral inhibition (Table 1) . Interestingly, by plotting the neutralizing potency of the VRC01 and VRC03 antibodies (as reported from the CATNAP resource, HIV Databases, Los Alamos National Laboratory) against the efficacy of TED toward the same envelope, no correlation was found between the two quantities, as demonstrated by a Pearson's coefficient ranging from Ϫ0.11 to Ϫ0.15 ( Fig. 3C and D) . This is probably a result of the differential epitope exposure in the ER during maturation compared to the same epitope located on released viral particles. These data reveal that in comparison with alternative approaches, TED works with a broader spectrum of antibodies, including those that are not neutralizing. In addition, this tool allows designing degradins against conserved epitopes on gp160 that are normally inefficient for immune neutralization. Finally, an advantage offered by TED is its adaptability to multiple degradins targeting different epitopes, thus increasing its overall efficacy and preventing the evolution of escape mutants.
To reduce viral infectivity, several molecular strategies have been developed to target intracellular HIV-1 proteins, including Env (13) . By the exploitation of the Env-CD4 binding affinity occurring in the ER and by using anti-gp160 intracellular singlechain antibodies, interference with gp160 maturation and trafficking was successfully obtained (14) (15) (16) (17) (18) (19) (20) (21) . These former ap- proaches were based mainly on Env retention in the ER through classical ER-retaining signals.
Despite these initial encouraging results in support of molecular strategies targeting Env maturation to block viral infectivity, the toxicity generated by Env accumulation in the ER remains a concern. To address this issue, we used the TED approach to specifically induce gp160-active degradation through the ERAD pathway (schematized in Fig. 4 ). In fact, by inducing gp160 degradation, our technique provides a great advantage by overcoming toxic effects due to ER overload of retained Env protein (22) (23) (24) . Notably, it has been previously demonstrated that degradins do not elicit ER stress (2) . Finally, due to the essential role of the proteasome in antigen presentation, it is possible to speculate that cells expressing gp160-specific degradins, thanks to its increased proteasomal degradation, will be more prone to load gp160-derived peptides on their MHC class I molecules, thus boosting the immune response against the virus.
In conclusion, our degradin-based anti-HIV-1 approach may provide a novel molecular strategy aimed at decreasing HIV-1 infectivity through Env depletion in virus-producing cells.
